To understand the coordination of gene expression in the Salmonella typhimurium ilvIH-leuO-leuABCD gene cluster, we had previously identified a 72 bp AT-rich (78% A+T) DNA sequence element, AT4, which was capable of silencing transcription in a promoter non-specific manner. LeuO protein provided in trans relieved (derepressed) AT4-mediated gene silencing (transcriptional repression), but underlying mechanisms remained unclear. In the present communication, the 72 bp DNA sequence element is further dissected into two functional elements, AT7 and AT8. LeuO binds to the 25 bp AT7, which lies closest to the leuO promoter in the AT4 DNA. After deletion of the AT7 DNA sequence responsible for LeuO binding from AT4, the remaining 47 bp AT-rich (85% A+T) DNA sequence, termed AT8, retains the full bi-directional gene silencing activity, which is no longer relieved by LeuO.
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INTRODUCTION
The suppression of the leu-500 mutation in Salmonella typhimurium topA -strains (1) has been a paradigmatic phenomenon for explaining the importance of the effect of DNA supercoiling on transcriptional initiation (2) .
In our investigation of the mechanism that underlies this topA -genetic background-dependent phenomenon, we found an unprecedented long-range (1.9 kb) interaction between ilvIH and leu-500 promoters (3) . Since then, we have found a promoter relay mechanism (4) responsible for the sequential activation of genes in the 1.9 kb ilvIH-leuO-leuABCD region (illustrated in Figure 1 ). Recent studies demonstrated that this novel promoter relay mechanism is likely to be part of the bacterial stress responses in normal cell physiology rather than just a special phenomenon in S. typhimurium topA -mutants (5-7 and reviewed in 8 & 9) . The promoter relay mechanism not only provides the explanation for the long-range interaction between ilvIH and leu-500 promoters (3), it also reveals the interesting possibility that transcriptiondriven DNA supercoiling (10, 11) may play roles in the transcriptional regulation processes that control the expression of the three functionally related genes in a sequential manner (illustrated in Fig. 1 ). A similar effect of transcription-driven DNA supercoiling on gene expression regulation has also been found in the ilvYC operon of Escherichia coli (12-14). Transcriptiondriven DNA supercoiling is indispensable in these processes but the supercoiling itself alone is insufficient for triggering the gene expression coordination since 4 deleting part of the DNA sequence from the 1.9 kb intervening region also abolished the promoter relay mechanism (3). These results suggested that certain elements in this region must be crucial for relaying the DNA supercoiling effect over a long (1.9 kb) distance, but their identifications and how they relay the effect of transcription-driven DNA supercoiling remain to be addressed.
As part of our efforts to elucidate the molecular details of the sequential gene expression in the ilvIH-leuO-leuABCD gene cluster, we have identified a 72 base pair AT-rich AT4 DNA sequence element located at the leuO promoter end of the 318 base pair AT-rich DNA sequence that is flanked by the divergently arrayed leuO and leuABCD (illustrated in Fig. 1 ). The 72 base pair AT4 DNA functions as a bacterial gene silencer (15) and presumably is responsible for the normal quiescent state of the leuO gene (4, 6, 7, 16, 17) .
The data showed that AT4-mediated gene silencing activity was bi-directional and promoter non-specific, and that the AT4 gene silencer functions best if the gene silencer element was flanked by a pair of divergently arrayed transcription activities that simultaneously transcribe away from the silencer (15). The gene silencing activity is significantly reduced when the silencer is located between a pair of parallel transcription units (15, and our unpublished data). These findings are consistent with the natural location of the gene silencer in the chromosome where the gene silencer is located between the divergently arrayed leuO and leuABCD (illustrated in Fig. 1 ). We proposed transcription-driven 5 DNA supercoiling to be the explanation for the effects of the neighbor transcription activities on AT4-mediated gene silencing (15). As a transcription element, the functional responsiveness of AT4 DNA to the adjacent transcription activity (transcription-driven DNA supercoiling) is novel. Such responsiveness may be crucial for the DNA element to relay the effect of transcription-driven DNA supercoiling for the sequential gene expression control in the ilvIH-leuO-leuABCD gene cluster.
The requirement for the trans-acting LeuO in the final activation of the leu-500 promoter in the promoter relay (4, 5) was shown to be due to LeuOmediated relief (derepression) of AT4 DNA-dependent gene silencing (15). We rationalized that LeuO-mediated transcriptional derepression activates the normally silent leuO gene and that the leuO transcription activity-generated DNA supercoiling subsequently activates the DNA supercoiling-sensitive leu-500 promoter via a short-range promoter-promoter interaction (15, 18, and also illustrated in Fig. 1 ). This data further suggested the mechanistic complexity exerted by the relatively simple (72 bp) AT4 DNA. To better understand the mechanistic details whereby AT4 DNA exerts its transcription regulatory activity, we dissected the 72 bp AT4 DNA for elements responsible for the transcriptional repression and derepression, respectively.
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EXPERIMENTAL PROCEDURES
Plasmids and Bacterial Strains
The pAO plasmid series used in this study were derived from pAO that has been described previously (15, 19) . Thus the insertion site (the AatII site) where the DNA elements under investigation located is flanking by the divergent transcription units (plasmid map in Fig. 8 ).
Gene silencing activity was assayed in the E. coli leuO -strain, MF1 (15), harboring one of the testing plasmids. LeuO was provided in trans (+ LeuO) by a pACYC-based LeuO overexpression vector, pEV101, which has been previously described (4) . The absence of LeuO condition (-LeuO) was 8 achieved by replacing pEV101 with pSO1000 (22), the parental plasmid of pEV101, which carries no leuO gene. As previously demonstrated, 50 µM IPTG induction was used to provide the optimum cellular LeuO concentration for LeuO-mediated derepression (15). The presence or absence of LeuO protein in the bacteria harvested under these two testing conditions was confirmed using immunoblotting analyses. Bacteria were grown in LuriaBertani (LB) medium at 37 o C with aeration unless otherwise indicated. 50 µg/ml ampicillin and 10 µg/ml tetracycline were added as needed.
Primer Extension
Primer extension was carried out as previously described (3) with the following reagents. A DNA oligomer 5'-TCTGGGTGAGACAAAACAGGAAGGC-3', consisting of a section of DNA sequence in the coding region of bla gene, was used as the primer for detecting pbla-mediated transcripts. Another DNA oligomer 5'-CATCACCATCTAATTCAACAAGAATTGGG-3', consisting of a section of DNA sequence in the coding region of gfpuv gene was used as the primer for detecting psyn-mediated transcripts. Due to the lack of both bla and gfpuv genes on bacterial chromosome, these primers hybridize only with RNA transcripts derived from the testing plasmids so that no transcripts from the chromosomal genes would interfere with the primer extension results.
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The pbla primer was mixed with 100 µg total RNAs in all primer extension reactions using pAO plasmid series. Both pbla and psyn primers were mixed with 100 µg total RNAs in all primer extension reactions using pCH plasmid series so that transcription activities from pbla and psyn were detected simultaneously. The initiation sites of RNA transcription were verified based on the specific sizes of the primer extension DNA products that run off the 5'-end of RNA transcripts. DNA sequence ladders were prepared using the primers to verify the initiation sites at a DNA sequence level. Radioactivity incorporated in the primer extension DNA product was visualized and quantified using a STORM imaging system 840 (Molecular Dynamics). The primer extension signals were normalized based on the total testing plasmid DNA content in the harvested cells. 1.5 ml aliquots of bacterial culture were saved at the harvest and used to prepare total plasmid DNA. The total testing plasmid DNA in the 1.5 ml sample was quantified by agarose gel electrophoresis followed by southern blotting using a 32 P-labeled probe that specifically hybridizes with the plasmid DNA.
His-tagged S. typhimurium LeuO, (His) 10 -SLeuO.
The full-length S. typhimurium leuO open reading frame was generated from the template DNA, pWU804 (3), using primers: 5'-GCCGCATCTTTTACATATGGGCAAACC-3' and 5'- 
DNase I footprinting assay
A DNA segment consisting of the 150 bp DNA sequence that includes the promoter and upstream regulatory region (+37 to -112) of S. typhimurium leuO 1 2 gene was generated using polymerase chain reaction (PCR). The entire S.
typhimurium DNA sequence relevant to the promoter relay mechanism has been deposited to NCBI GenBank (accession # AF106956). A DdeI restriction site is located at the +37 end of the PCR DNA product. The DdeI-digested 140 bp DNA was uniquely end labeled by filling the 3-bp DdeI-generated 3'-recessive end with [α- mixed with the purified AT7 DNA (Fig. 2B ), but not with the purified AT8 DNA (Fig. 2C ).
DNase I footprinting assay further confirmed that LeuO indeed bound to the AT7 DNA region (Fig. 3) . With increasing LeuO concentration, a DNase I-protected region was found in the upstream regulatory region of the leuO gene (+1 to -104) where the AT4 DNA was naturally located (Fig. 3) . The relative positions of AT4 (the shaded box) and the leuO promoter (-35, -10 and +1 DNA sequence) are illustrated in Figure 3 . The LeuO-dependent DNase I protection was located within the AT7 region, which lies at the leuO proximal end of the AT4 DNA.
Since the 13 bp region protected from DNase I is at the BclI end of the 1 6 palindrome also significantly abolished the LeuO binding (compare AT7-D3 in Fig. 4G with AT7 in Fig. 4F ). We, therefore, concluded that the entire 25 bp AT7 DNA sequence is required for LeuO binding.
LeuO and AT7 may form large protein-DNA complexes
We further characterized the newly identified Protein-DNA interaction between LeuO and AT7. Interestingly, we observed two important aspects of The 300 to 1 molar ratio suggested a weak affinity of LeuO-AT7 binding.
Similar results were observed in the EMSA and DNase I footprinting experiments using histidine-tag free SLeuO (data not shown). Clearly, therefore, the poly histidine sequence in the fusion protein, (His) 10 -SLeuO, does not explain the observations. We investigated further into the possible causes of these unusual characteristics of LeuO-AT7 interaction. We had ruled out the possibility that negative DNA supercoiling might be required to facilitate the LeuO binding. Apparently, additional experiments will be required to prove the precursor-product relationship of band A (Fig. 5B ) to bands D and E (Fig. 5A ). Fig 6) .
Hence, based on this systematic survey of gene silencing activity, we designated the 47 bp AT8 DNA, which retains the full gene silencing activity, as the gene silencer (repression element).
LeuO provided in trans is no longer capable of relieving AT8-mediated gene silencing.
AT4-mediated gene silencing was shown to be additive and orientationindependent (15). Since these are important characteristics for gene silencers, we tested the more narrowly defined silencer DNA sequence, AT8, for these properties. The data indicated that AT8-mediated gene silencing remained to be stimulatory (lane 4 in Fig. 7 ) and orientation-independent (lanes 2 & 3 in whether LeuO-mediated transcriptional derepression could be restored.
The restoration experiment was performed using the pCH plasmid series.
The pCH plasmids are essentially the same as the pAO plasmids previously used (plasmid map in Fig. 7 ) except that an additional transcription unit (gfpuv reporter gene) controlled by a synthetic E. coli σ70 RNA polymerase promoter (psyn) was placed in a way that the gfpuv divergently transcribes away from bla psyn (5/6;4/6); psyn (5/6;5/6), possessing a variety of promoter strength (Fig. 8   A) . While the activity of pbla remains constant on the testing plasmids, the psyn activity increases in proportion to the number of base pair-matches in the -35 and -10 consensus sequence of the psyn (please refer to both the quantified primer extension results and the green fluorescence quantifications in Fig. 8A ).
Compared to the activity of pbla, the activities of the synthetic promoters are relatively less responsive to the activities of the transcription elements under investigation (compare the activities of pbla and psyn in Fig. 8 B) . The transcription elements under investigation are placed at the unique AatII site, which is flanked by the pair of divergently arrayed genes, gfpuv and bla ( While the activity of the synthetic promoter, psyn, is less responsive to the effects of transcription elements, the strength of psyn, however, clearly affects the outcome of LeuO-mediated transcriptional derepression (Fig. 8B ).
In the presence of the stronger promoter psyn (5/6;5/6), LeuO-mediated 2 3 derepression restored most (84 %) of the activity of pbla under this testing condition. When psyn (5/6;5/6) was replaced with a weaker promoter psyn (5/6;4/6), LeuO-mediated transcriptional derepression restored only 50 % of the pbla activity, which is approximately the same as the pbla restoration seen in pCH101, where the divergently arrayed promoter activity was absent (Fig.   8B ).
For the characterization of the repression and derepression elements in the present study, we used pCH301 series containing the divergently arrayed psyn (5/6;5/6), which provides the most complete restoration of pbla upon providing LeuO in trans. In addition, we focused on the effects of the two transcription elements on the activity of pbla in the present study. Under this testing condition, the AT8-mediated gene silencing effect on pbla was detectable (Fig. 9A, lanes 1-5) . Consist with the result of the tests using pAO- AT7 DNA alone does not affect AT8 DNA-mediated gene silencing in the absence of LeuO (compare lanes 2-4 in Fig. 9A ). The specific location of AT7 DNA, to lie within the proximity of gene silencer AT8, appeared to be important for LeuO-mediated transcriptional derepression since the presence of AT7 DNA at a distal site (SpeI site) on the testing plasmid (see map in Fig. 8) failed to support LeuO-mediated negation of AT8-mediated gene silencing (Fig. 9A, lane 10) .
The presence of equal copy number of AT8 and AT7 within proximity is important for the control of the transcriptional repression-derepression.
Under this testing condition, a tandemly repeated AT8 DNA, (AT8) What are the mechanisms responsible for the coupled repressionderepression activities? The proximal effect suggested that some local events must be triggered upon LeuO protein interaction with its binding site AT7.
The local events may directly disrupt the gene silencer-mediated repression machinery that is taking placed independently at the adjacent gene silencer 2 7 AT8. Alternatively, LeuO protein binding at AT7 may not interrupt the repression machinery directly. Instead, it may block the cis-spreading of the repression complex. Such blockage would prevent the repression complex from reaching the target promoter via a similar mechanism to that found in the cases of the eukaryotic boundary elements (28-30). The transcription effect of eukaryotic boundary elements is known to block the cis-spreading of the heterochromatin (a common gene silencing mechanism in eukaryotes). While both scenarios are possible, the established study system using the reconstituted AT7-AT8 elements will assist us to unravel the actual mechanism involved in the transcription regulation. In particular, the ability of LeuO to form large protein-DNA complexes (Fig. 5) will be an important component of our model.
We are currently studying further the transcriptional derepression effects mediated by all possible combinations of the proximal AT7 and AT8 elements (both position-wise and orientation-wise) using the reconstituted plasmid system. This is designed to completely understand the functional relationship between the repression and the derepression events that are coupled.
Ultimately, however, the molecular details will be revealed only if we can also identify the protein factors involved in the two independent transcription regulatory events mediated by AT7 and AT8, respectively.
The derepression element, LeuO binding site AT7, may not be restricted to the functional isolation of regulating the leuO gene expression at this chromosome location. Rather, LeuO binding sites might function as global 2 8 regulatory elements that modulate transcription activities throughout the bacterial genome. For instance, LeuO was found to be involved in the expression control of dsrA gene in E. coli (31). In fact, the motif III that is required for the LeuO-mediated negative effect on the dsrA expression contains 9 bp DNA sequence homology with the 25 bp LeuO binding site AT7. As a potential global transcription regulator, the LeuO-mediated transcription regulatory effect deserves a more detailed investigation.
The responsiveness of the transcription regulatory activities of both elements, AT7 and AT8, to the adjacent transcription activities has complicated the studies. This is, however, a very important point that needs to be carefully characterized. After all, the discovery of these two novel transcription elements was initiated by tracing down the effect of transcription-driven DNA supercoiling on an intriguing expression coordination of genes in S.
typhimurium ilvIH-leuO-leuABCD (reviewed in 8). Transcription-driven DNA supercoiling has been our explanation for the gene expression coordination and for the responsiveness of the two elements to the adjacent transcription activities. The responsiveness to adjacent transcription activity is likely to be the reason why these two elements play roles in the gene expression coordination (Fig. 1) . Such responsiveness to transcription-driven DNA supercoiling may be due to the fact that both elements are AT-rich DNA sequence elements. As discussed in our recent review (8) and in a paper (15), in response to transcription-driven DNA supercoiling changes in the region, AT-rich DNA 
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